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Abstract 
 Pr0.5Ca0.5CoO3 exhibits a non-conventional metal-insulator transition (MIT) in which the 
insulating state is due to a volume contraction (~2%) and electron transfer from Pr to Co 
sites. Pr1-xCaxCoO3 cobaltites with Ca doping around x 0.5 (0.45≤x≤0.55) have been 
investigated. Different ground states and phase transitions are reported in samples at both 
sides of the half-doped composition. The relevance of the Pr/Ca ratio around half-doping and 
the amplitude of the changes observed at the MIT are analyzed. Besides the expected 
variation in the transition temperature, we report an enhanced Pr
3+
/Pr
4+ 
transformation at the 
MIT in Pr0.45Y0.05Ca0.50CoO3 [0.25(5) e
-
/ Pr ion and TMI=120 K] with respect to 
Pr0.5Ca0.5CoO3 [0.15(5) e
-
/ Pr ion and TMI=75 K]. 
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I. INTRODUCTION 
 
 Metal-insulator transitions (MIT) in cobaltites are attracting great interest due to the 
relevance of the spin state of Co for electron mobility in these strongly correlated oxides .
1-7
  
Rich properties of cobaltites containing trivalent cobalt are linked to the comparable energies 
of its crystal field and intra-atomic electron-electron coupling. Pr0.5Ca0.5CoO3 exhibits a MIT 
and it is considered a strongly correlated spincrossover system.
 6
 The carriers introduced by 
doping in Pr1-xCaxCoO3 can be viewed as low spin (LS) Co
4+
 (S=1/2, t
5
2g) species moving 
through the matrix of intermediate spin (IS) Co
3+
 (S=1, t
5
2geg
1
) centers. Initially the MIT 
(TMI≈75 K.) in Pr0.5Ca0.5CoO3 was attributed to a sudden change of IS Co
3+
 ions to its LS 
state (S=0, t
5
2geg
0
) 
6
. The generation of metallic domains in the insulating low temperature 
phase of Pr0.5Ca0.5CoO3 by ultrafast photoexcitation was reported in ref. 8. 
 At low doping levels (x<0.2) Pr1-xCaxCoO3 samples are insulating, without long-range 
magnetic ordering.
9
 Increasing doping beyond x=0.2 the oxides are metallic and exhibit long-
range ferromagnetic (FM) order below 60-70K. Increasing the Ca content induces a more 
homogeneous magnetism. It has been claimed that short-range FM order coexists with long-
range ferromagnetism at moderate dopings. 
10
 Around half doping a MIT may develop at 
relatively low temperature (TMI 75 K for x=0.50). In the insulating state Pr0.5Ca0.5CoO3 
shows no evidence of spontaneous long-range magnetic order.  
 In addition, the first order MIT is only found as a function of temperature or applied 
pressure in (Pr1-yLny)1-xCaxCoO3 compositions having Pr atoms.
11
 Both x and y parameters 
and the lanthanide species have a strong influence on the MIT. It is generally assumed that 
 3 
main effect of small lanthanides like yttrium is moving the transition towards higher 
temperatures due to the enhancement of the orthorhombic distortion 
11
. 
 Recent findings demonstrate an active participation of the 4f electrons of Pr 
12-15
 and a 
rather singular mechanism for this MIT. A significant volume reduction of ~2% in 
Pr0.5Ca0.5CoO3 across TMI is the result of an exceptional Pr-O bond shortening in the 
insulating state.
16,17
 X- ray absorption experiments (XAS) on Pr0.5Ca0.5CoO3 have evidenced 
a Pr
3+
/Pr
4+
 valence transition at TMI.
14,15
 Electrons leaving Pr sites are used to stabilize the 
trivalent low-spin state of Co
12-15
. Present work focuses on a narrow range of Ca and Y 
doping in (Pr1-yYy)1-xCaxCoO3 around the reference cobaltite Pr0.5Ca0.5CoO3. 
  
 
II. EXPERIMENTAL 
 Pr1-xCaxCoO3 (x=0.45, 0.50 and 0.55) and Pr0.45Y0.05Ca0.50CoO3 were prepared in 
polycrystalline form by solid-state reaction as detailed elsewhere
17
. To reach the optimal 
oxygen content (O3-  with =0) the samples were finally treated under high oxygen 
pressure (at 900ºC with PO2=200 bar during 14 hours, and at 475ºC with PO2=150 bar 
during 6 hours). Samples were fully stoichiometric according to Rietveld analysis of 
neutron diffraction (NPD) data. NPD patterns were collected on D2B [ =1.594 Å], D1B 
[ =2.52 Å] and D20 [ =1.88 Å] diffractometers of ILL (Grenoble), in the temperature 
range between 5 K and room temperature (RT). Magnetization and transport 
measurements were performed using a superconducting quantum interference device 
(SQUID) magnetometer and commercial Physical Properties Measurement System 
(PPMS). X-ray absorption spectra were recorded in beamline PM3 at the synchrotron 
radiation source of the Helmholtz Zentrum in Berlin by the total electron yield detection 
mode, with an energy resolution better than 0.3 eV at 900 eV. Hereafter we will refer to 
 4 
Pr0.55Ca0.45CoO3, Pr0.50Ca0.50CoO3, Pr0.45Ca0.55CoO3 and Pr0.45Y0.05Ca0.50CoO3 as 
PCCO45, PCCO50, PCCO55 and PYCCO respectively.  
 
III. RESULTS  
 The resistivity and magnetization of the Pr1-xCaxCoO3 samples with doping below 
(x=0.45) and above (x=0.55) the half-doped composition are plotted in Fig. 1, where they 
are compared to PCCO50. This figure provides the first evidence of a different behaviour 
for x≤0.50 and x≥0.50. The temperature dependence of the resistivity ( ) in PCCO55 
shows a sudden change in the conductivity of one order of magnitude below TMI 70K. 
This critical temperature is very similar to that measured in the half-doped perovskite 
( 75K), where the change in the conductivity is 10 times larger.
6,14
 The drop in the 
susceptibility is a characteristic feature of the transition in PCCO50. It could be mainly 
attributed to the entering of the Co
3+
 LS state, which must also be responsible for the 
absence of long-range magnetic order in the insulating state. A similar evolution of the 
susceptibility is seen in PCCO55, although the susceptibility drop in this case is smaller 
than in PCCO50. There is no sign of ferromagnetic order in any of these two 
compositions below TMI.  This contrasts with the onset of ferromagnetism in PCCO45 
below TC 80K [Fig. 1(b)]. At 2 K the zero-field magnetization extrapolated from M(H) 
yields a ferromagnetic moment M0= 0.55 B /f.u. Moreover, the resistivity of PCCO45 
displays a metallic behaviour (of  “bad metal” type) in the whole T-range down to 2 K. 
So, PCCO45 is a ferromagnetic metal below Tc. In addition there is a gain of conductivity 
in the ferromagnetic phase, as is typically observed in other double-exchange metallic 
cobaltites.  
 In Fig. 2(a) we plot the thermal evolution of (112)/(031) and (220)/(131) reflections 
obtained from medium-resolution NPD in PCCO55. A marked and sudden shift in the 
 5 
angular position of the diffraction lines towards higher 2  angles can be observed on 
cooling around 70K. A volume contraction cooling the slightly overdoped compound 
shifts the diffracted reflections towards higher Q-values. This has not been observed in 
PCCO45, the slightly underdoped compound. Quantitatively, the temperature dependence 
of the unit cell volume in these two compounds was obtained from the analysis of 
diffraction patterns collected at fixed selected temperatures.    
 The evolution of the cell parameters in PCCO45, and PCCO55 is shown in Fig. 3. 
The absence of structural anomalies is apparent in the former [Fig. 3(a)]. In PCCO55 the 
anisotropic changes in the cell dimensions mimic the changes reported in half-doped 
PCCO50.
16,17
 Although, as we pointed out comparing the resistivities of PCCO50 and 
PCCO55, the amplitude of the structural changes in PCCO55 are slightly smaller than in 
PCCO50. 
 In Pr0.45Y0.05Ca50CoO3 (PYCCO) Ytrium partially substitutes Praseodimium while 
keeping the  ratio Co
4+
/ Co
3+
=1. The evolution of its resistivity plotted in Fig. 4 shows a 
MIT around 120 K, a temperature 45 K higher than the transition in PCCO50.  In the 
inset of Fig. 4 we have reproduced the evolution of the volume corresponding to PCCO50 
14,17
, and have also plotted the contraction of the volume in PYCCO obtained from 
neutron data. 
 In figure 5 we show the X- ray absorption spectra of PYCCO at the Pr M4,5 edges 
(3d4f electronic transitions) at different T values. There are evident spectral changes at 
both edges, the main evolution taking place at T~TMI=120 K. The enhancement of the 
absorption signal in the ~ 934-941 eV and ~ 952-960 eV energy intervals at T<TMI reflects 
the appearance of a certain quantity of Pr
4+
 ions in the low T insulating phase
15
. A 
quantification of the electronic charge transferred from Pr to Co ions can be done by the 
 6 
weighted addition method of selected references, as shown in the inset of Fig. 5. The 
method is explained in detail in ref. 15, where we applied it to PCCO50. From a similar 
study of the Pr M4,5 edges across the transition in PCCO50 we concluded that 0.15(5) e
-
 
are transferred from (in average) each Pr ion to Co sites at 10 K as compared to their 
electron occupancy at 300 K. For PYCCO, the same analysis method yields 0.25(5) e
-
/ Pr 
ion at 20 K as compared to 300 K. 
IV. DISCUSSION AND CONCLUSIONS 
 We have shown an asymmetry in the ground state of Pr1-xCaxCoO3 cobaltites around 
x=0.50. With a slightly lower Ca content (x=0.45) the system is metallic at low 
temperature, whereas it is insulating for slightly higher dopings (x=0.55). In this study all 
the samples were oxygenated using high oxygen pressure. This is essential for 
compositions with x  0.50 because the difficulties to obtain fully oxygenated samples 
increase with Ca content. From present results we can conclude that the largest change of 
conductivity at the MIT in Pr1-xCaxCoO3 samples must occur within the 0.45<x<0.55 
interval.  
 We mainly attribute the qualitatively different behaviour observed in PCCO45 and 
PCCO55 to a subtle but effective change in the orthorhombic Pnma (of GdFeO3-type) 
distortion caused by a reduction from 0.55 to 0.45 in the Ca content. Despite both ionic 
sizes are very similar,  Pr
3+
 is slightly larger than Ca
2+
 (1.126 and 1.120 Å in radius, 
respectively
18
) thus decreasing the tilting of CoO6 octahedra in PCCO45 with respect to 
PCCO55. We have confirmed this point by a Rietveld analysis of our NPD data. The 
overall GdFeO3-type distortion at RT (represented by the < >=<Co-O-Co)> bond angle) 
in PCCO45, PCCO50, PCCO55 and PYCCO is  < >=158.17(3)°, 158.03(6)°, 157.94(8)° 
and 157.49º, respectively. The effect associated to the Pr content is thus double: (i) on one 
 7 
hand its presence makes possible a strong Pr(4f)-O(2p) hybridization (origin of the 
anomalous volume reduction). (ii) On the other, an excess of Pr atoms inhibits the 
anomalous Pr-O hybridization and Pr
3+
/ Pr
4+
 valence shift. The reason for the latter is that 
it reduces the tilting of CoO6 octahedra moving away the apical oxygens from the 
positions occupied by Pr atoms. This hampers the Pr(4f)-O(2p) hybridization and explains 
the absence of an anomalous contraction of the cell at low temperature in PCCO45 
(ferromagnetic metal). It also explains the behaviour of PYCCO as shown in the inset of 
Fig. 4. Finally, the tilting of the octahedra in PCCO55 is larger than in PCCO50. The 
<Co-O-Co)> bonding angle decreases thus favouring the Pr(4f)-O(2p) hybridization. 
However, the lower Pr content reduces the density of Pr
4+
-O bonds below the transition. 
This justifies that the changes observed in PCCO55 across the MIT (Figs. 1, 2) are more 
modest than in PCCO50. Hence, these results can be well understood within the valence 
change model and suggest a strongly inhomogeneous behaviour at higher doping levels 
(x>0.55). 
 Finally, we can extract additional conclusions from our comparative analysis of the 
behaviour of half-doped Pr0.45Y0.05Ca50CoO3 (PYCCO) and Pr0.5Ca0.5CoO3 (PCCO50) 
compounds. From NPD data at RT we have obtained the <Co-O-Co)> distortion angles 
< >=157.49(8)° and 158.03(6)°  for PYCCO and PCCO50. Besides the expected 
enhancement of the transition temperature in the former, the analysis of the XAS spectra 
at the Pr M4,5 edges of PYCCO allows us to conclude about the intensity of the Pr
3+
/Pr
4+ 
transformation at the transition. We have observed an enhanced Pr
3+
/Pr
4+ 
transformation 
in PYCCO (0.25(5) e
-
/ Pr ion) with respect to PCCO50 (0.15(5) e
-
/ Pr ion 
15
). To be noted 
is that these are estimations per Praseodymium atom, and therefore do not refer to the 
overall charge transfer from Pr to Co sites per formula unit. 
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Figure 1. (a) Electrical resistivity of Pr0.55Ca0.45CoO3, Pr0.50Ca0.50CoO3 and 
Pr0.45Ca0.55CoO3. (b) Magnetic susceptibility of the same samples as measured at 5 
Tesla applied field. 
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Figure 2. (a) Neutron diffracted intensities for (112)/(031) and (220)/(131) 
reflections in Pr0.45Ca0.55CoO3 as a function of T (θ-2  projection). (b) Thermal 
evolution of the crystal unit cell volume in Pr1-xCaxCoO3 cobaltites with x=0.45 
and 0.55 
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Figure 3. (a) Thermal evolution of the crystallographic lattice parameters in Pr1-
xCaxCoO3 with Ca content (a) below (x=0.45) and (b) above (x=0.55) the half-
doping composition.  
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Figure 4. Electrical resistivity of PYCCO (blue dots) as a function of temperature, 
from 5 to 300 K illustrating the MIT at TMI= 120 K. The inset shows the cell 
volume evolution of PYCCO (violet squares) in the corresponding thermal range 
as compared to that of PCCO50 (green circles).  
 
 
 
208
209
210
211
212
213
214
215
V2
I
0 50 100 150 200 250 300
Pr
0.50
Ca
0.50
CoO
3
Pr
0.45
Y
0.05
Ca
0.50
CoO
3
C
e
ll 
V
o
lu
m
e
 (
Å
3
)
T (K)
 14 
 
 
 
Figure 5. X- ray absorption spectra of Pr0.45Y0.05Ca0.50CoO3 (PYCCO) at the Pr 
M4,5 edges as a function of temperature. The inset shows the weighted addition 
(W. A.) of the absorption spectra of Pr2O3 (Pr
3+
) and BaPrO3 (Pr
4+
) in a 1:0 (red 
circles) and 3:1 (blue circles) ratio, which helps to estimate the PrCo charge 
transfer in PYCCO across the MIT. 
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